Historical marine ecology has shown that many exploited animal populations declined before their abundance was quantified by scientists. This situation applies for autumn-spawning herring (Clupea harengus) in the Baltic Sea. This stock used to be the dominant spawning group of herring in the early decades of the 1900s and supported several commercially important fisheries, including in the Gulf of Riga (GoR). However, the GoR stock declined during the 1960-1970s and has not recovered. Neither the former biomass nor reasons for its decline are known. Here, we recover and analyse historical fishery and biological data and conduct population development simulations to evaluate the hypothesis that exploitation may have been sufficient to lead the stock towards commercial extinction. We found that the estimated exploitation pattern, including exploitation of juveniles, was unsustainable and led to stock decline. The pattern of exploitation of this stock was consistent with that which caused collapses of other herring stocks, which have since recovered. If autumn-spawning herring in the GoR recovers, our findings indicate that this stock could support sustainable annual yields of $4000 t and diversify the fishery resource base, which is presently restricted to a relatively small number of species for essentially local coastal inhabitants.
Introduction
Small pelagic fish populations, such as herring (Clupea harengus), undergo large abundance and biomass fluctuations over time (Dickey-Collas et al., 2010; Schweigert et al., 2010; Harma et al., 2012) . Factors responsible for stock dynamics are known for several herring stocks in different marine ecosystems and suggest that the long-term interannual dynamics are driven by a combination of different factors and processes related to both externalities and internalities of marine ecosystems (Toresen and Jakobsson, 2002; Dickey-Collas et al., 2010; Schweigert et al., 2010) .
Herring has been one of the most ecologically and commercially important species in European northern seas. The species has a complicated and dynamic population and racial/ecotype (i.e. autumn-and spring-spawners) substructure, which has received attention at least since the end of the 19th century (Heincke, 1898; Zijlstra, 1969) . In European waters, there are local populations, which spawn at different times of year (e.g. spring, summer, autumn, and winter), and sometimes populations in the same geographic region spawn at different times (Sinclair and Tremblay, 1984) . Within the Baltic Sea, there are historically both spring-and autumn-spawning groups, as well as spatially distinct groups within each spawning season (Ojaveer, 1988) . Presently, the dominant seasonal group of spawners is the spring spawners, which are furthermore recognized as belonging to several different populations, which are subject to stockspecific fishery regulations (ICES, 2017) . Autumn-spawning herring in the Baltic Sea are presently rare, compared with spring-spawners, and support no directed fisheries (Parmanne et al., 1994; ICES, 2017) . However, they were formerly common or even dominant in the western Baltic-Rügen area, central Baltic Sea, and Gulf of Riga (GoR), and historically made an important contribution to the Baltic Sea herring landings (Parmanne et al., 1994) . For example, they contributed over 90% of the landings from the central Baltic Sea in 1925 -1927 (Hessle, 1931 ; in the GoR, the catches of spring-and autumnspawning herring are shown together in official statistics, but autumn-spawning herring comprised up to 47% of the total herring catches on feeding grounds in the 1970s (Ojaveer, 2003) . Also, it was hypothesized that autumn-spawning herring was an important target fish in the GoR fishery in the late 17th century (Gaumiga et al., 2007) . The spring-and autumn-spawning herring ecotypes in the Baltic Sea differ genetically and hence support full reproductive isolation (Bekkevold et al., 2016) . Some of the key characteristics of the autumn-spawning herring, relative to the spring-spawning herring, specifically in the GoR, include spatio-temporally differentiated spawning (autumn spawners reproduce in more offshore areas and at greater depths in late summer-autumn, whereas spring herring reproduces in shallow coastal areas in spring), harsher environment during the larval retention period (autumn-winter for autumn-spawners vs. springearly summer for spring-spawners), with poorer larval feeding conditions for autumn-spawners, later maturation (age 3 or 4 for autumn-spawners vs. age 2 for spring-spawners), and bigger weight-at-age (Tw 1 85.0 and 65.1 g for autumn-and springspawners, respectively ; Ojaveer, 1988 Ojaveer, , 2003 . Many of these traits, particularly the last two, make the autumn herring more vulnerable than spring-spawning herring to fishery exploitation because some fishing regulations (e.g. mesh sizes) are presently set according to the dominating spring-spawning herring growth and maturation rates.
The diversity of herring stocks in general, and in the Baltic Sea and GoR in particular, may have positive benefits for commercial fisheries. The potential beneficial effects of a rich and diverse population base on which fisheries can depend has been evident for nearly 60 years (Ricker, 1958) and has gained increased attention in the past 1-2 decades. Modelling studies show that mixed-stock fisheries can be more productive if each stock is managed according to its productivity, rather than applying the same regulations to all stocks in the stock assemblage (Ricker, 1958; Hutchinson, 2008; Schindler et al., 2010) . This multistock effect is also believed to have parallels at the species level in communities, with communities having more species believed to be more stable because of complementarities among species in their ecosystem functions and life histories (Figge, 2004; Lindegren et al., 2018) . These effects of multiple stocks within a species or multiple species within communities are known as portfolio effects (Hilborn et al., 2003; Figge, 2004; Schindler et al., 2010) . In the case of herring in the Baltic Sea, multiple stocks, including the autumn-and springspawning ecotypes, are often captured together (ICES, 2016a) . As noted by Ricker (1958) , exploitation of the more productive stocks at their maximal levels could lead to the local extermination of less productive stocks in mixed-stock fisheries. This situation may have happened to some of the autumn-spawning herring stocks in the Baltic Sea, including the one inhabiting the GoR. In contrast, in some other areas where only one ecotype dominates the herring biomass, commercial extinctions of those ecotypes could not be offset by alternative ecotypes. This situation characterizes the North Sea and Norwegian Sea, whose autumnand spring-spring spawning stocks, respectively, were overexploited (including high exploitation of juveniles) and eventually collapsed during the 1960s to early 1980s (partly due also to poor environmental conditions); these stocks have since recovered to high levels during the 1990s to 2010s (Toresen and Jakobsson, 2002; Dickey-Collas et al., 2010; ICES, 2015) .
The factors, which have caused the near total collapse of autumn-spawning herring in the Baltic Sea are not known as little modern investigation has been done since the 1990s, mostly due to lack of fish to investigate. Most knowledge is, therefore, based on older material not yet been interpreted in ways, which could identify reasons for the decline. In this paper, we (i) re-examine much of the historical material for this stock and track the magnitude of the autumn-spawning herring fishery in one subbasin of the Baltic Sea (GoR) for almost one century (since the 1920s), (ii) apply quantitative fishery population methods to investigate the potential that fishing, both on adults and juveniles, was a contributing factor to the decline, and (iii) estimate the historical spawning-stock biomass (SSB).
Material and methods

Description of the study area and herring fishery
The GoR (area 16 330 km  2 , volume 424 km   3 ) is situated in the northeastern part of the Baltic Sea (Figure 1 ). It is connected to the Baltic Proper via two shallow straits in the west and receives most of the riverine freshwater input in the south. The shallow depth of the GoR (mean 26 m, maximum >60 m) results in a complete vertical mixing during winter (Berzinsh, 1995) . Salinity varies from almost freshwater (<1 PSU) in coastal surface layers in spring to >7 PSU at the bottom close to Irbe Sound (Berzinsh, 1995) without any vertical stratification. The GoR is ice-covered in winter. The seasonal thermocline occurs from May to September and separates the relatively stable deep water (temperature $3 C) and the highly variable surface layers (temperature up to 20 C; Raudsepp, 2001 ). The GoR is inhabited by permanent local spring-and autumnspawning herring populations, with temporal occurrence, mostly during the spawning season, of herring originating from one or more populations from the Baltic Proper (Ojaveer, 1988 ). In the current paper, we assume that the autumn-spawning herring stock was exploited at a high level from the mid-1950s to the 1970s due to the specific circumstances of the fishery at that time, which included the Soviet-planned economy, an alreadyestablished bottom-trawl fishery, and basically an unregulated fishery before the International Baltic Sea Fisheries Commission was established in 1974 (Ojaveer, 1988; E. Ojaveer, pers. comm.) . There are no direct quantitative estimates of fishing effort (e.g. numbers of fishers, boats, nets, fishing days per year) for the time-period, which limits the type of analyses that are possible. However, given the nature of the fishery, as outlined above and in earlier literature (Ojaveer, 1962 (Ojaveer, , 1988 , there is good reason to assume that fishing effort was already high in the mid-1950s. While market demand remained principally the same throughout the years (due to the Soviet-planned economy) and the fishery was oriented at maximizing landings, some technological advancements in trawling occurred; bigger and more efficient pelagic pair trawls began to be used in the first half of the 1960s (Ojaveer, 1988) . However, the impact of this gear development on autumn-spawning herring is impossible to quantify. These Commercial extinction of autumn herring circumstances facilitate use of the catch data for estimating approximate fishing mortality (F) rates and biomass in ways described below and in the classical fisheries literature (Quinn and Deriso, 1999; Hilborn and Walters, 2001) .
Historical data availability and sources
As a basis for the population analyses, our initial objective was to compile and digitize the available data from historical sources and organize them in ways that could facilitate quantitative analysis. All available information and data for the coastal fishery for two fishing districts in the northern GoR (Pärnu and Saaremaa; Figure 1 ), which were historically the most important autumnspawning herring fishery regions in the area, were retrieved from different sources for the following three periods:
(1) For the 1920-1930s, data were extracted from Estonian national fishery journals Kalandus, and Laevandus ja Kalandus. Data reliability is unknown, but presumably is similar to that for other national fishery agencies around the Baltic at the same time; however, the underlying raw data are unavailable.
(2) Original summary notes, often on handwritten sheets, from primary sources during the Soviet time were obtained from archives of the Estonian Marine Institute, University of Tartu. The sources of these data were the local state-owned fishing companies (called fishing kolhoses in the former USSR). The reliability of these data is considered relatively high, as data often originate from "local correspondents" who were in close contact with scientific staff of the governmental research institute at that time (the Tallinn Department of the Baltic Sea Fisheries Research Institute: BALTNIIRH) receiving the reporting. The months when fishing occurred (August-November) were assumed to be similar in all years. Whereas detailed quantitative effort data were only sporadically available, the background qualitative information on fishing gear types and practices used are relatively well known for all three periods both from the same sources of quantitative catch data availability as well as personal communication with local fishermen (by H. Ojaveer). Information for both offshore trawl and coastal fisheries on the number of fish caught by age cohorts formed in 1951-1971 was available for the entire GoR from archives of the Estonian Marine Institute, University of Tartu. The data represent the landings made by the former USSR and, therefore, made by the present-day countries of Estonia and Latvia. Autumn-and spring-spawning herring were distinguished using otolith characteristics (Ojaveer, 1962 (Ojaveer, , 2003 . We used mean maturity ogive data available for [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] (Ojaveer, 1988; Supplementary Table S2) to calculate the percentage of immature fish by numbers in the catch. The various datasets were then used to develop estimates of F and SSB (Figure 2 ), as described in following sections.
Data analyses and population modelling (see also Supplementary Material)
One of the objectives of our investigation was to evaluate whether F would have been sufficient to cause a large decline in SSB. Evaluating this objective requires estimates of F, which can then be compared with estimates of F msy for other herring stocks, including those in the Baltic Sea.
We first estimated total mortality rates (Z) and F for the GoR autumn-spawning herring using the available numbers-at-age in the catch data for 1954-1976. We used "catch curve analysis" (Quinn and Deriso, 1999; Hilborn and Walters, 2001 ) to derive estimates of total and fishing mortality for each year during this time-period. Details are provided in the Supplementary Material.
There are and never have been fishery or biomass reference points for the autumn-spawning herring stock in the GoR. Consequently, it is not possible to compare our historical F estimates with those that are estimated to lead to sustainable exploitation for this specific stock. Instead, and to estimate approximately whether the fishing may have been unsustainable, we use information from other fish stocks with similar life histories and experiencing similar ecosystem conditions. These include other Baltic herring stocks, such as the GoR spring-spawning stock, the central Baltic Sea herring stock, the western Baltic herring stock, and the Gulf of Bothnia herring stock. In addition, we also compared our F with those which preceded major collapses and local extinctions of other herring populations to determine whether F was similar to those which were associated with major herring declines elsewhere. In combination, these two comparisons can indicate approximately whether exploitation of the autumn spawning GoR herring was sustainable.
Estimation of SSB
We used the estimated F to derive estimates of SSB. Such estimates can potentially be used as approximate indices of the level of biomass that may have been present as well as the potential carrying capacity for autumn-spawning herring in this region. As F is an instantaneous value, it can be converted algebraically to total annual removal rates (Dick and MacCall, 2011) , which are measures of the exploitation rate (i.e. yield/biomass or yield/SSB, Walters et al., 2006; MacCall, 2009; Rosenberg et al., 2014; Worm et al., 2009) :
where E SSB is the annual exploitation rate for SSB, and Y ¼ yield in tonnes (t). Rearrangement of this equation enables estimation of SSB for each year in the time-series, given age composition data and maturity-at-age probabilities (Supplementary Tables S1  and S2 ). We used these data to estimate annual SSB. We were also able to derive additional SSB estimates for a limited number of years (1957) (1958) (1959) (1960) (1961) based on a different approach involving different assumptions. These estimates are based on the relative share of autumn-and spring-spawning herring in scientifically monitored commercial trawl catches in the GoR throughout the entire ice-free season (March-November). This sampling extended over a relatively long period of the year to obtain, to the extent possible, full seasonal coverage and beyond that associated with only the specifically targeted fishery in coastal areas during spawning time (Ojaveer, 1962) . The years when these samples were collected correspond to those when catches of autumn-spawning herring were at their highest during our 80þ year time-series (see Results, Figure 3 ). The proportion of autumn-spawning herring in the monitored trawl catches was applied to earlier-derived estimates of the SSB of the spring-spawning stock (Ojaveer et al., 2004) , assuming that the relative share of autumn-spawning herring in the monitored trawl catches was similar to their relative share in the ecosystem during the entire ice-free season. These estimates of SSB, based on fewer data and other assumptions, were compared with those derived above from age-based catch-curve analyses.
Stock dynamics modelling
We investigated the potential role of fishing on the decline of autumn-spawning herring in the GoR by simulating the stock dynamics using the derived estimates of SSB and F. The simulation used a standard single-species age-structured model of fish population dynamics (Quinn and Deriso, 1999) . Stock simulations with this model allowed us to investigate whether the estimated F (see above) was sufficiently high to have caused collapse or whether additional factors would also need to be present to cause collapse (e.g. higher M, reduced stock productivity due, for example, to lower recruit production per spawner, etc.). Our objectives with these simulations were to evaluate whether fishing could have been the main factor to reduce SSB and Y by the levels Figure 2 . Flowchart illustrating steps and datasets used for estimating fishing mortality and total and spawning-stock biomass for autumnspawning herring in the Gulf of Riga during 1954 Riga during -1976 . SSB, TB, and F are spawning-stock biomass, total biomass, and fishing mortality, respectively.
Commercial extinction of autumn herring observed between 1954 and 1976 and whether the timing and rates of these declines in situ could be reproduced by applying the estimated F. Our simulation time-period began when estimated SSB and recorded commercial catches were near their maxima (1960) and extended forward for a period of 31 years.
The model requires several inputs of biological data (weights, maturation probability, M-at-age, and numbers at age in the population) and relationships (i.e. SSB-R) associated with herring life history to enable population calculations. Most of these inputs were available from historical fisheries literature for this stock.
However, there is no SSB-R relationship for the autumnspawning herring in the GoR. A reasonable alternative model for a SSB-R relationship is a downscaled version of the relationship (Ricker, 1954) for the spring-spawning stock in the central Baltic Sea (i.e. ICES Subdivisions 25-27, 28.2, 29, and 32), where ecological conditions are similar to those in the GoR. The downscaling process preserves the shape of the relationship, but adjusts parameter magnitudes to observed levels of SSB derived from the historical data (see Results). Further details of the downscaling and parameterization of the SSB-R relationship are available in the Supplementary Material. Our use of the central Baltic stock to represent stock-recruit dynamics is only intended to represent a reasonable first-order estimate of the shape of the relationship. A true parameterization, which does not yet exist for this stock, could differ somewhat depending on local conditions and stock biology and could indicate a different vulnerability to exploitation and recovery rate than estimated using the central Baltic herring relationship. However, given the uncertainty of stockrecruitment relationships, including that for the central Baltic spring-spawning herring, such differences between the two stocks probably have little ecological importance.
The uncertainty of the recruit estimates from the downscaled stock-recruitment relationship was used together with the derived estimates of age-specific F and other biological inputs in simulations of the population dynamics of the autumn-spawning herring stock. Modelling scenarios are described below.
Modelling scenarios
We conducted a modest number of scenarios to address whether observed levels of exploitation could have led to a major decline in biomass and how exploitation of juveniles contributed to the decline. Model scenarios addressed how population biomass would have been influenced by levels of exploitation corresponding to status quo F (F sq ), including and excluding exploitation of juveniles (ages 1 and 2).
An additional scenario was conducted to explore the combined consequences of a large increase in F during 1973 -1976 and an increase in M due to increased predation by cod (Gadus morhua) in 1979-1983 following an increase in cod abundance and subsequent trophic cascade effects in the GoR (Casini et al., 2012) . For these years, M was increased by 25% from 0.15 to 0.1875, as also assumed by the ICES Baltic Fisheries Assessment Working Group (WGBFAS) for the GoR springspawning herring stock (ICES, 2016a) . The scenarios and their input settings are detailed in Table 1 .
Model exploration of candidate F msy and B msy reference points
We used our population model to simulate how two potential F msy values could affect the stock dynamics and potential fishery Y. The F msy values considered were those for the GoR springspawning herring and the central Baltic spring-spawning herring. We note that the assumed levels of M for the three stocks differ somewhat: 0.15 for autumn spawning herring in the GoR (Ojaveer, 1988) , 0.2 for spring-spawning herring in the GoR (ICES, 2016a), and 0.21-0.33 for central Baltic spring-spawning herring ICES, 2016a) . Because differences in M can potentially allow different levels of sustainable exploitation, we also included simulations for three different values of M (0.15, 0.20, and 0.25) at each F msy level. We calculated the final median SSB and fishery Y after 30 years of population simulation. These SSB levels can be considered to be estimates of the SSB likely to be present under a sustainable level of exploitation, i.e. B msy . For these six scenarios, we assumed exploitation of age 2 herring to be the same level as for older ages (3-8) and exploitation of age 1 herring to be zero (see Table 1 ). , according to data availability. Note that the catch in tonnes for the entire Gulf of Riga offshore þ coastal fishery is calculated from annual catch numbers-at-age and a mean weightat-age from the catch for 1960 -1969 (Kostrichkina and Ojaveer, 1982 .
Results
Dynamics of landings
In the coastal fishery, landings data for autumn-spawning herring are available in the Pärnu and Saaremaa regions since the late 1920s and for the entire GoR during (Figure 3 ; Supplementary Table S3) . Saaremaa landings were often much higher in the 1920-1930s than in the 1940s and first years of the 1950s. Afterwards, coastal landings both in the Pärnu and Saaremaa regions and the entire GoR increased exponentially and reached a peak by the end of the 1950s to early 1960s ($1500 and 3000 t in the Pärnu/Saaremaa regions and the GoR, respectively). Subsequently, landings declined steeply and continued to fall more slowly from the mid-1960s until the end of the 1980s. During the 1990s, there were almost no landing records. In more recent years (since 2006), annual landings rarely exceeded 15 t (Figure 3) . The decrease in landings since the 1960s has led to a reduction in the number of harbours where autumn-spawning herring were landed in the northern GoR: 28 harbours in the 1950-1960s compared with only four at present (Figure 1 ).
Comparing the period means for 1945-1971 and 2006-2014, coastal landings in the Pärnu area in the earlier period exceeded those in the more recent period by 109-fold (539.8 6 82.3 t and 4.9 6 2.4 t, respectively). Similarly, landings around Saaremaa were 60-fold higher in the earlier period than recently (567.4 6 77.0 t and 9.4 6 3.6 t, respectively). The age composition of the commercial catches is known during . In this period, approximately half of the total annual catches were juveniles (mean ¼ 42%; range: 17-79%; Figure 4 ).
Evaluation of F and SSB
The catch-curve analyses of the decline in numbers-at-age were usually highly significant for each year in our time-series (Supplementary Table S4 ). On the basis of the slopes of these relationships, F for ages 3-8 during 1954-1976 averaged 0.58 (range 0.08-1.42; SD ¼ 0.32; Figure 4 ). Mean F during this period was, therefore, almost twice as high as F msy (0.32) for the GoR springspawning herring and two to threefold higher than for some other Baltic herring stocks (Table 2-list of F msy for different herring stocks). Given the estimates of F and the catch data, the estimated annual SSB ranged between $8000 and 27 000 t during the timeperiod (Figure 4) . SSB estimates for 1957-1961 based on the scientifically monitored catches, the relative proportions of spring-and autumnspawning herring in these catches and estimates of spring-spawning herring SSB indicated that SSB during these years averaged 21 000 t, with a peak of 26 000 t (Table 3) . These estimates compared favourably with those derived analytically for the same years using catch age composition and catch-curve analysis methods (Figure 4 ).
Simulated population development
The initial SSB of $25 000 t declined within $15 years to $7500 t and to 5000 t after 30 years, for an exploitation scenario corresponding to the long-term mean F observed from our catchcurve analysis and including exploitation of juveniles (ages 1 and 2; Figure 4) . The likely uncertainty due to the S-R relationship and the initial stock numbers indicated that the 10-90th The stock dynamics were simulated using an age-structured model including a stock-recruitment model parameterized and downscaled for the central Baltic Sea spring-spawning herring stock. Scenarios 1-3 were conducted to explore effects of fishing at historical levels on stock dynamics. Scenarios 4-9 were conducted to estimate spawning stock biomass under six combinations of assumed fishing and natural mortality rates. See Material and methods for details.
percentile range for SSB at the end of the 30-year period is 2800-7100 t (Supplementary Figure S2) . A simulation with identical settings, but with no juvenile exploitation, allowed the stock to remain at a higher level ($11 000 t) after 30 years ( Figure 5, upper panel) . Final expected annual Y associated with these two exploitation scenarios were $3000 and 6000 t, respectively ( Figure 5, lower panel) . As a result, the expected yield could have been nearly doubled if juvenile exploitation had been kept near zero (i.e. a fishing gear selection pattern having F ¼ 0 for juveniles).
The simulation involving high adult exploitation during the mid-late 1970s and increased M during 1979-1983 led to a rapid drop in SSB and a corresponding short-term gain in Y. In the years following, the exploitation level was lower and biomass recovered slightly. The impact of higher M on SSB was relatively small in this simulation.
The range of simulated SSB and Y after 30 years of simulation using six combinations of F and M was 6800-23 000 t of SSB and 2700-5800 t of Y (Figure 6 ). Within each F scenario, the range in M resulted in an approximately twofold range in final SSB (Figure 6 ).
Discussion
Historical ecology for insight to past dynamics of autumn-spawning herring in GoR
We have recovered and analysed historical fishery and biological data to derive a new picture of the magnitude of biomass and variability of this stock, which declined several decades ago, and for which the reasons have previously not been investigated. Our original calculations indicate that the stock experienced unsustainably high fishery exploitation. This pattern included overall high levels of exploitation, which exceeded approximately two-to fourfold those now considered to be sustainable for other neighbouring herring stocks, including a stock living in the same region. In addition, the exploitation included a high rate of juvenile removals, on average accounting for 40-50% of all the herring landed by number. In combination, these factors likely led to a rapid drawdown of stock biomass. The spawning-stock biomass of autumn-spawning herring was assumed equal to spring-spawning herring spawner biomass Â (% autumn-spawners in catches/100% autumn-spawners in catches).
We have also been able to derive a new time-series of SSB. This time-series compares well with SSB estimates available from limited survey data in a few years in the late 1950s to early 1960s. These two methods for SSB estimation are based on vastly different datasets and assumptions. However, their consistency indicates that they both likely provide reasonable estimates of the historical biomass of autumn-spawning herring that once lived in the GoR. As such, they provide useful historical ecological knowledge of the magnitude of past biomass levels, as well as targets for future stock recovery actions.
As noted recently by others (Lotze, 2014; Engelhard et al., 2016; Schwerdtner Máñez et al., 2014) , historical marine ecological information can potentially inform present-day decision-makers about past and future stock and ecosystem dynamics. Such inferences are often made based on data, which are fragmented or averaged over time-space scales, which do not easily fit into many routine stock assessment methods. This situation also applies to our case study. As a result, the findings (e.g. F and SSB timeseries) should be considered indicative of likely levels and trends applicable over long time-periods, rather than precise estimates for specific years. This is partly because many of the input data were averages over different time-periods or were not available for this stock and also because there is limited fisheryindependent or effort data available for calibration ("tuning") or comparison. However, the consistency of the different SSB estimates and the general correspondence between the simulated biomass dynamics and the development of the fishery suggest that the approaches and conclusions are reasonable.
Methodologically, our work and methods could be considered to lie approximately in the middle of an "information gradient" available for doing stock assessments and hindcasts. This gradient could be considered to span a range from more extensive, dataresourced assessments, such as those done for many of the largest and commercially most important stocks in Europe and North America where available datasets include detailed catch sampling and monitoring (e.g. sizes, ages, maturities), effort indices, (a) (b) Figure 5 . Simulated trajectories of spawner biomass (a) and yield (b) for three scenarios of exploitation of autumn-spawning herring in the Gulf of Riga. Scenarios 1 and 2 only differ in the levels of juvenile exploitation (i.e. 0 or 0.31). Scenarios 2 and 3 differ in levels of exploitation (increased in 1973-1976) and natural mortality (increased in 1979-1983) . See Material and methods for details and Table 1 for scenario-setting descriptions.
(a) (b) Figure 6 . Simulated spawning-stock biomass (a) and fishery yield (b) for autumn-spawning herring in the Gulf of Riga under two levels of fishing mortality (0.22, 0.32) and three assumptions of natural mortality (0.15, 0.20, 0.25) . The results correspond to Scenarios 4-9 in Table 1 . Spawner biomass and yield are estimated as the medians of the final year of a 30-year simulation (200 realizations per year) using an age-structured model incorporating uncertainty in the initial stock numbers and the stock-recruitment relationship. See Material and methods for details and Table 1 for scenario settings.
Commercial extinction of autumn herring research vessel surveys for estimating prerecruit, recruit, and adult abundance, and standardized cpue time-series for assessment tuning, to smaller stocks where only catch and some species-specific life history (e.g. maximum body size, age and size at maturity) data are available (e.g. in many multispecies fisheries around the world). There are now methods becoming increasingly available for assessing the ecological status of data-limited stocks and historical dynamics (Walters et al., 2006; Costello et al., 2012; Pauly et al., 2013; Rosenberg et al., 2014) , and these also include many assumptions about fishing effort and stock productivity. Our investigation, given its reliance on incomplete historical data, includes some methodological approaches and concepts from both data-rich and data-poor stock assessment and reconstruction methods. It has, however, developed some reasonable estimates of the past dynamics and relative roles of fishing and environmental factors on this stock.
In general, estimating the dynamics of fish stocks and diagnosing causes for past fluctuations is a challenge even with the most data-resourced stocks, and this challenge is even more difficult with historical data due to various limitations (Rosenberg et al., 2014) . In future, the consequence of such data limitations on perception of stock dynamics and their causes could be addressed, via simulation and sensitivity analysis using a data-rich stock such as, for example, North Sea herring, whose long-term dynamics are relatively well-known, as a case study. Various data or entire datasets could be removed to create gaps, exclude years, etc. to turn effectively a data-rich stock into a data-poor one. Different stock assessment and reconstruction methods now available (see citations above) could then be applied to the stock for various levels of data availability, and the derived estimates of SSB, recruitment, and exploitation rate (and their temporal variability) could be compared with the same variables from the full data-rich assessment.
Such an analysis and comparison would quantify how much deterioration in outputs occurs with data loss (or limitation) and illustrate which data inputs have the biggest impacts on the uncertainty of key stock and fishery-related variables. The analysis would have the added advantage of illustrating how much "better" (as judged by different criteria) the assessment or reconstruction becomes as new kinds of data are included. Furthermore, given the cost of acquiring that data (e.g. age composition monitoring of commercial catches, fishing effort data), the analysis could reveal how much more (less) reliable the results become as the financial cost associated with data acquisition and availability increases (decreases).
Exploitation as likely driver of stock decline
Our population simulations showed that the observed level and pattern of exploitation led to a rapid decline in SSB and Y. Additional simulation showed that a short period of even higher exploitation, similar to that observed in the mid-late 1970s, depressed the stock even further. These simulated declines occurred at approximately the same time and with same magnitude as those observed in nature, i.e. the simulated biomass declined by $70% (from 25 000 to 7500 t) within $15 years, corresponding closely to the changes observed in the available catch data. The similarities of the dynamics further suggest that the simulation model setup and its underlying data and assumptions represent most of the key processes (e.g. mortality, reproduction, growth) affecting the stock. Moreover, the estimated magnitude of exploitation, which led to these declines (0.58), as noted above, exceeds typical estimates for F msy for Baltic and other herring populations (Table 2 ). Consistent with an unsustainable level of exploitation, the simulated population also declined to a low level within a short time.
The F estimates and population simulations indicate that fishing alone can explain most of the observed decline in SSB in the 1960-1970 s. That is, if exploitation levels did exceed F msy to this degree and juvenile exploitation also was as high as estimated here, it is likely that exploitation was the main factor, which brought the stock to a low level by the end of the 1980s. Similar combinations of overexploitation of adults together with high exploitation of juveniles have led to collapses of several other herring stocks, including those in the North Sea, Norwegian Sea, and Georges Bank (Toresen and Jakobsson, 2002; Melvin and Stephenson, 2007; Dickey-Collas et al., 2010) . For example, F for adults and juveniles in the years leading up to the collapse of the North Sea herring was 0.6-1.4 and 0.1-0.4, respectively (DickeyCollas et al., 2010) . Similarly, F for adults in the pre-collapse and collapsing period for the Norwegian spring-spawning herring in the late 1960s was 0.4-1.4 and was frequently even higher for juveniles during most of the 1950-1960s (Dragesund et al., 1980) . Given that our estimates of F (Figure 4 ) are within these ranges, the decline of the autumn-spawning herring in GoR is consistent with the consequences of similarly high levels of herring exploitation elsewhere.
Moreover, our calculations of the impact of exploitation may have underestimated the impact of fishing. Because of lack of quantitative information about fishing effort and the fishing technology used, we followed the assumption that fishing effort was high and remained high during the time-period of our study. Given the nature of the fishery management and the Sovietplanned economy in place at the time (see Material and methods), it is evident that fishing effort was already high at the start of the time-period and remained so during at least until the stock had declined to low levels. Increases in fishing effort due, for example, to technological creep or other factors, would, therefore, represent an increased influence of exploitation on the stock, which is not accounted for in our analyses due to lack of quantitative information.
The high level of adult and juvenile exploitation apparently dominated the direct potential impacts of a variety of environmental factors that could also have influenced population dynamics. For example, winter severity and autumn-winter wind strength have been shown to influence year-class strength (Ojaveer, 1988) , and warm (>15 C) water temperatures in late summer may cause female reproduction failure in autumnspawning herring (Ojaveer et al., 2015) . In addition, given that spawning habitat for autumn-spawning herring is deeper than that for spring-spawning herring (Ojaveer, 1988) , the autumn stock may be more vulnerable to eutrophication-related anoxia events. Human-induced eutrophication, first observed in the Baltic Sea in the 1950 -1960s (Elmgren, 1989 , may, therefore, have played some role in egg survival and larval hatching success for both stocks and is believed to have caused very high (up to around 90%) average annual embryonic mortality of the springspawning herring in the GoR during 1985-1991 (Kornilovs, 2006) . Some of these factors, including the temperature-related reproductive impairment, which was also observed in the 1960-1970s (E. Ojaveer, pers. comm.) and possible interactions of exploitation on stock biology that increase stock vulnerability to detrimental environmental conditions (Anderson et al., 2008; Planque et al., 2010) via, for example, altered age or size composition effects on stock reproductive potential and success (Lambert, 1990; Marshall et al., 2003) , may have also contributed to the overall decline. However, our population simulations showed that the estimated levels of exploitation, despite assuming no environmentally structured variation in recruitment or stock productivity, were sufficient to cause a decline comparable in magnitude and timing to that observed from the available data. Had environmental factors or their interaction with stock biology been important for stock dynamics over a sufficiently long period, the stock would have declined faster and/or earlier than it did and that was estimated from our population simulations. For these reasons, we believe that the environmental variables were secondary drivers of stock dynamics during this time-period, including affecting some year-to-year variations, and that direct effects of exploitation was likely the main reason for the decline.
Our finding that exploitation was sufficiently high to cause the stock decline is another example of how overexploitation has led to major declines and, in some cases, commercial extinctions of herring stocks. As noted earlier, some major herring stocks collapsed in the 1960s to early 1980s following prolonged periods of high exploitation (e.g. F > F msy ) of both adults and juveniles. Following these declines, exploitation was reduced and the stocks eventually recovered. These declines and recoveries demonstrate the potential consequences of extended overexploitation of both adults and juveniles on stock dynamics and fishery yields and the benefits of ensuring that exploitation is at sustainable levels.
Our simulations can potentially identify candidate levels for fishery and biological reference points for this stock. Such reference points will be needed, should the stock recover to commercially exploitable levels. In general, and according to theoretical models of fishing impacts on fish population dynamics, an approximate level of F msy is one that results in a long-term reduction in SSB by $50% from a maximal or unexploited level (MacCall, 2009; Rosenberg et al., 2014) . Our sensitivity analyses of the combined effects of two levels of F and three levels of M indicate that SSB would be reduced by 5-73% for these combinations of F and M. These results suggest that, if M ¼ 0.15 and a reduction of SSB by $50% is a desirable management policy objective, F msy could be >0.32 (the current F msy for the springspawning herring in the GoR) and consequently somewhat higher than F msy for both the central Baltic stock and the springspawning herring stock in the GoR. However, as illustrated by the sensitivity analysis, any estimated F msy will depend on the assumed level of M (as well as many other variables), so new studies of M may be needed to improve a future estimate of F msy (and B msy ). Moreover, the estimated reference points will be sensitive to the underlying dynamics (and resulting parameters) of the S-R relationship. A dedicated autumn-spawning S-R relationship should be derived to support estimation of reference points. However, given that only one new observation becomes available per year, such a relationship cannot be quantified before many years. Given the various uncertainties associated with, for example, the estimate of M and the absence of a stock-recruit relationship for the autumn-spawning GoR herring, it may be more prudent to adopt a more precautionary (i.e. lower) value of F msy , such as that used for the central Baltic herring (0.22) or the northern Baltic herring (0.15; Table 2 ).
The decline of the autumn-spawning herring represents a reduction in the portfolio effect of having a diverse range of stocks and species on which local fishing industries can depend (Schindler et al., 2010) . In principle, such a reduction increases the vulnerability of the fishing industry to collapses of the remaining stocks or species. Given that the Baltic Sea, and the GoR in particular, has a low number of species and functional groups in its fish community (Ojaveer et al., 2010) , a reduction in their abundance must be considered as a decline in the potential resources for fishery exploitation.
Future prospects for autumn-spawning herring in the GoR
The future status of autumn-spawning herring in the GoR is unclear. The strong recoveries of previously collapsed large herring stocks elsewhere demonstrate that herring stocks can and do recover under some circumstances. In the case of the autumnspawning herring in the GoR, it is very difficult to forecast when the stock might rebuild to commercially exploitable levels. There is presently very little direct knowledge of its R or (essentially egg and larval) mortality processes or other stock knowledge during the past 30 years on which sound fishery management advice could be based.
In general, however, recovery would be promoted by strong year classes and low exploitation of existing autumn-spawning herring either via targeted fishing or as bycatch in other fisheries (e.g. for spring-spawning herring, which presently dominates herring catches in the GoR). Reducing exploitation of autumnspawning herring could be achieved by restricting fishing effort for spring-spawning herring to times and places where the chances of catching autumn-spawning herring are minimal. In addition, because the size at maturation of autumn herring is much bigger than for spring-spawning herring and because autumnspawning herring have been caught together with springspawning herring (Ojaveer, 1988) , an increase in mesh size used in spring-spawning herring fisheries in some seasons or areas could reduce the catch of juvenile autumn-spawning herring; this would allow more juveniles to survive and reproduce.
Recovery could also be influenced by oceanographic and climatic conditions that influence stock biology and productivity (also see above). Fish stocks undergo multiannual periods of varying productivities, which are large enough to drive major fluctuations in population dynamics (Britten et al., 2017) . For example, the current combination of increasing summer temperatures (which may cause female reproduction failure in the GoR autumn-spawning herring; Ojaveer et al., 2015) , continued eutrophication, and increasing abundance of a herring predator [grey seal (Halichoerus grypus); Lundström et al., 2010; HELCOM, 2015] , together with potential bycatch in spring-spawning herring fisheries could be sufficient to keep the stock at low abundance. In addition, given past and expected future warming of the Baltic Sea in the coming decades (BACC, 2007; MacKenzie and Schiedek, 2007; Meier et al., 2012) , the reproductive success of the remaining autumn-spawning herring may decline, thereby delaying recovery even longer than under an average or colder temperature regime.
However, if the stock does recover to, for example, a biomass associated with some of our B msy estimates, then it could support small localized fisheries of $4000 t annually. Such fisheries could support and diversify local sea-based economies in coastal regions of Estonia and Latvia. Our findings, therefore, provide a quantified historical context against which future stock developments may be compared and interpreted. More generally, we have illustrated how historical, but incomplete, fishery records can be combined and used to develop new quantitative insight into the dynamics of a former commercially exploited fish stock, which can potentially contribute to new fishery and ecosystem management plans (Engelhard et al., 2016) . There are likely many other similar opportunities for historical reconstruction and insight for exploited animal stocks in other parts of the global ocean. The recovery and analysis of such data would broaden the current knowledge base of how human activities have affected marine populations and ecosystems.
